N onheme iron oxygenases are potent and selective catalysts, typically operating through iron-peroxo (FeOO(H/R)) and iron-oxo (Fe(O)) intermediates. For example, arene hydroxylation is mediated by a class of mammalian nonheme iron enzymes known as aromatic amino acid hydroxylases (e.g., Tyr, Phe, and Trp hydroxylases), and both Fe II OOR and Fe IV (O) species are postulated as key intermediates in their catalytic cycles.
OOR species which decays without arene hydroxylation. These results provide new insights regarding the impact of secondary coordination sphere effects at nonheme iron centers. N onheme iron oxygenases are potent and selective catalysts, typically operating through iron-peroxo (FeOO(H/R)) and iron-oxo (Fe(O)) intermediates. For example, arene hydroxylation is mediated by a class of mammalian nonheme iron enzymes known as aromatic amino acid hydroxylases (e.g., Tyr, Phe, and Trp hydroxylases), and both Fe II OOR and Fe IV (O) species are postulated as key intermediates in their catalytic cycles.
1 Much effort has gone into the preparation of synthetic analogs of FeOO(H/R) and Fe IV (O) intermediates, employing ligands designed to stabilize these species through the use of oxidatively inert, biologically relevant donor groups and steric shielding of the metal center. Enzymes, however, also have at their disposal the ability to control the second coordination sphere through the juxtaposition of substrates at appropriate distances from the metal center and through interacting residues that can tune reactivity via hydrogen bonds. In contrast, model complexes that are designed to incorporate these second-coordination sphere effects are less developed.
Herein we report the synthesis of two new polydentate ligands, N4Py 2Ph (1) and N4Py 2Ph,amide (2) (N4Py = N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine) (Figure 1 ), which have been designed to examine second-coordination sphere effects in nonheme Fe model complexes. The new ligand 1 incorporates phenyl substituents as constrained substrates for oxidation, while 2 includes an additional amide group as a hydrogen-bond donor for interaction with metal− oxygen intermediates. An iron(II) complex from 1 undergoes rapid, regioselective arene hydroxylation at one Ph ring, and a novel reaction channel appears accessible by the positioning of the phenyl ring in the second coordination sphere. In contrast, the Fe II complex from 2 does not undergo arene hydroxylation but rather leads to the formation of a metastable Fe III -OOR complex. The latter result suggests a significant influence of the amide-derived H-bond donor group on the stability of the Fe III -OOR species. Computational studies, in combination with the experimental data, provide key insights regarding the importance of the second-coordination sphere effects introduced by 1 and 2.
A key step in the synthesis of diphenyl-substituted 1 was a Suzuki−Miyaura coupling between bis(6-bromo-2-pyridyl) ketone and C 6 H 5 B(OH) 2 , with the final ligand 1 prepared as in Figure S1 . Figure S11 ) or decomposition (−60°C/CH 2 Cl 2 ), suggesting that the Fe IV (O) species rapidly reacts with the C 6 H 5 substituent even at low temperature. In contrast, the stable [Fe IV (O)(N4Py)] 2+ 6 does not react with C 6 H 6 (500 equiv) even over prolonged reaction times (>14 h). Thus [Fe IV (O)(N4Py)] 2+ is not competent to mediate benzene hydroxylation. 7 A few examples of aromatic hydroxylation mediated by nonheme Fe complexes are known, and some have implicated the importance of orienting the aromatic substrate near the metal. 4, 8 However, the mechanism of hydroxylation and identity of the active oxidant in these systems remain poorly understood. In the case of 3, rapid intramolecular phenyl hydroxylation is observed, but there is a complete lack of reactivity between [Fe IV (O)(N4Py)] 2+ and C 6 H 6 . Similar contradictory observations have been discussed for intra-vs intermolecular phenyl hydroxylations in the Fe-TPA (TPA = tris(2-pyridylmethyl)amine) system, but no explanation has been given. 4a,b,8g To gain insight into the mechanism of intravs intermolecular arene hydroxylation, we performed density functional theory (DFT) calculations on [Fe , where the triplet spin state was found to be at least 8 kcal mol −1 more stable than the 
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, and the 5 π-pathway gives π* xz 2 π* xy Figure 4 , the gas-phase energies predict that the 3 π channel is the lowest in energy, although the quintet transition states are not that far above 3 TS π . The 5 σ-pathway is slightly favored over the 3 π-pathway at the free-energy level. These results differ dramatically from calculations on [Fe
As seen in
2+ , which show that the 3 π-pathway is highly destabilized compared to the 5 σ-pathway (δΔG ‡ > 15 kcal/ mol). 7 Much effort has gone into determining the factors that control the reactivity of Fe IV (O) species. For both nonheme iron models and enzymes, the triplet (low-spin) state for Fe IV (O) is described as generally unreactive, whereas quintet (high-spin) Fe IV (O) is considered a powerful oxidant. 9 The high reactivity for the quintet species has been attributed to the accessibility of the 5 σ-reaction channel, with an approximate collinear approach (Fe−O−C(or H) = 180°) of the substrate donor orbital with the FeO unit. The triplet Fe IV (O), on the other hand, is limited to the 3 π-reaction channel with an approximate perpendicular approach for overlap with the π* xz/yz orbital. The ligands in the equatorial plane of triplet Fe IV (O) complexes typically provide a steric barrier to this channel and make it prohibitively high in energy, and a lowlying quintet excited state is often invoked to explain the observed reactivity for triplet Fe (Figure S21 ), respectively.
13 EPR revealed hs-Fe III peaks (g 7.89, 5.55, 4.24) , along with a minor, unidentified ls-Fe III component (∼20%). Based on these data, a reasonable structure for the blue species is proposed for complex 6 as shown in Figure 5 .
DFT calculations (see Supporting Information) fully support the proposed, hs-Fe III −OOR structure with an amide N−H···O bond. The influence of H-bond donors on the stability of iron− oxygen species in nonheme Fe systems is of great interest but is still not well-understood. 11 We conclude that the amide group in 5 helps to trap an Fe III −OOR complex, in contrast to 3, which likely forms an Fe III −OOR species as a transient intermediate during arene hydroxylation.
We have employed an experimental and computational approach to examine the influence of secondary coordination sphere modifications in nonheme iron model complexes. The results herein give new insights regarding how nonheme Fe enzymes may utilize two critical secondary coordination sphere effects, substrate orientation, and hydrogen bonding, to control reactivity.
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